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Introduction
Recent advances in nanomaterials synthesis and engineering have made an impact on a number of fields. For instance, in nanoelectronics, single walled carbon
nanotubes have been used as thin-film semiconductor for miniaturized transistors
(Kang 2007), while in photonics, biology or medicine carbon nanotubes have been
investigated as highly specific biomolecule detectors (Chen 2003; Kempa 2003;
Liu 2009). Other nanomaterials, such as titanium dioxide, had shown a strong
ability to decompose water into oxygen and hydrogen and were used for cancer
treatments (Kubota 1994). By interfacing nanomaterials with biological molecules
novel applications have emerged ranging from diagnostics, to drug delivery and
biosensors (Jain 2007; Bianco 2005; Scuhmann 2000). For these applications, various methods were used to prepare biological molecule-nanomaterial conjugates
including physical immobilization (Bake 2010) or covalent binding (Arica 1995).
However, few of these studies have described how the nanomaterial influences the
structure and function of the protein with which it is interfaced.
Enzymes have many advantages over their chemical counterparts in that
they are specific, possess high catalytic power, and are environmentally friendly
(Shield 1986; Schmid 2001). Enzyme biotechnology has applications in food processing (Motoki 1998), biofuel (Minteer 2007), and brewery and paper industries
(Bhat 2005). However, the major problem associated with the practical application
of enzymes is their limited storage and operational stability (Mateo 2007). This
research focuses on studying the behavior of the enzyme soybean peroxidase (SBP,
a model enzyme) on two classes of nanomaterials, namely multi-walled carbon
nanotubes (MWNTs) and titanium dioxide nanotubes (TiO2-NT), in view of understanding how nanomaterials influence the function of the protein with which
they are interfaced. The nanosupports were chosen based on their broad applications (Kang 2007; Kubota 1994, Bahnemann 2004; Borkar 2010). Moreover, the
chosen nanosupports have high surface-volume ratios that allow relatively high
enzyme loading and ease of recovery of the enzyme-nanomaterial conjugate by
filtration. SBP was immobilized either through physical or covalent binding, and
the enzyme-nanomaterial conjugates were subsequently characterized in terms of
loading and activity. The enzyme loading represents the amount of enzyme attached to the surface of the nanosupport, while the retained activity is a measure
of the activity of the immobilized enzyme, relative to free enzyme in solution.
Further characterization of the enzyme-nanomaterial conjugates using scanning
and electron microscopy revealed the presence of individually dispersed enzymenanomaterial conjugates. These next-generation conjugates provide a simple
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method for the assembly of unique bionanoconstructs to find applications in novel
device technologies where biocompatibility between inorganic nanomaterials and
biological scaffolding is crucial.
Experimental
Materials
Multi walled carbon nanotubes (MWNTs, 10-20 nm diameter, 5-20 micron in
length, purity > 95%) were purchased from NanoLab, Inc. (Newton, Ma). Sulfuric
acid (H2SO4, 95-98%), nitric acid (HNO3, 68-70%), and dibasic potassium phosphate were purchased from Fisher Scientific. Titanium dioxide nanobelts (TiO2,
60-300 nm in width, ~10 nm thick, several microns to 30 mm in length) were provided by Dr. Nianqiang (Nick) Wu – Associate Professor at West Virginia University (WVU). Soybean peroxidase (SBP) was purchased from Bio-Research Products,
Inc. Isopore filter membrane (pore size 0.2 µm, type GTTP, polycarbonate) was
purchased from Millipore (Billerca, MA). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 98+%), N-Hydroxysuccinimide (NHS, 98+%), and
monobasic potassium phosphate were purchased from ACROS Organics (Morris
Plains, NJ), while 2-(N-morpholino) ethanesulfonic acid sodium salt buffer (MES)
and hydrogen peroxide solution (30%) were purchased from Sigma (St. Louis,
MO). 2,2’-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid] (ABTS) and BCA protein kit were purchased from Pierce (Rockford, IL). The formvar-coated carbon
grids and the carbon grids were purchased from (Electron Microscopy Sciences,
Hatfield, PA).
Methods
Cutting of MWNTs
100 mg of MWNTs were cut in a single batch. The tubes were placed in a 1-L
Erlenmeyer flask and suspended in 400 mL of a 3:1 mixture of H2SO4 and HNO3,
respectively. The solution was then sonicated using a Branson ultrasonic bath (115
Vac, 60 hz) in ice and in a hood for the required time (i.e., 3 hr, or 6 hr). Throughout sonication, fresh ice was added to the bath. Once the allotted time period had
passed, the solution was removed from the sonicator and gradually diluted with
constant swirling into an Erlenmeyer flask containg 900 mL of ice-cold milliQ
water; heat dissipation was allowed (for ~10 min). The solution was then filtered
through the GTTP 0.2 µm polycarbonate filter membrane and washed extensively
with milliQ water to remove any residues. The mass of MWNTs remaining on the
filter membrane was then redispersed in 1000 mL milliQ water and the filtering
process was repeated 4-6 times with a new filter membrane every time until watersoluble MWNTs were obtained. The washed tubes were placed in a glass vial and
stored at room temperature.
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Enzyme Immobilization by Physical Adsorption
1 mg/mL enzyme solution was prepared in phosphate buffer with a pH of 7. 1 mL
of the solution was then added to 1 mg of the MWNTs or TiO2. The mixture was
briefly sonicated to disperse the nanosupport and incubated with shaking at 200
rpm for 2 hours at room temperature. The immobilized enzyme was recovered by
filtration on the GTTP 0.2 µm polycarbonate filter membrane. The supernatant was
isolated; subsequently, the conjugates on the filter were washed at least six times (1
mL for each wash) to remove loosely bound enzyme. The supernatant and the first
two washes were kept and used to determine the concentration of the protein.
Enzyme Immobilization by Covalent Binding
Enzyme was covalently attached to the nanosupport via a two-step process involving EDC/NHS activation chemistry followed by enzyme coupling. Specifically, 2
mg sample of the MWNTs or TiO2-NTs were dispersed in MES buffer (2 mL, 50
mM, and pH 4.7) containing EDC and NHS (160 mM and 80 mM, respectively)
by brief sonication. The solution was then incubated at room temperature with
shaking at 200 rpm for 15 min. The solution was subsequently filtered through the
GTTP 0.2 µm polycarbonate filter membrane and thoroughly washed with MES
buffer. The activated nanosupports were immediately used in the enzyme coupling reaction. The nanosupports were dispersed in the required buffer solution
(e.g., 1 mg/mL SBP in phosphate buffer) and the enzyme coupling was allowed to
proceed for 3 hr at room temperature with shaking at 200 rpm. The immobilized
enzyme was recovered by filtration using the GTTP 0.2 µm polycarbonate filter
membrane and the supernatant was isolated. The conjugates on the filter were
then washed with the necessary buffer six times, 1 mL for each wash to remove
loosely bound enzyme and the first two washes were kept.
BCA Assay
The concentration of enzyme in the washing solutions or supernatants was determined using the standard BCA assay. Briefly, the working reagent was prepared
by mixing 50 parts of reagent A (i.e., 1 mL; the reagent A contains sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium
hydroxide as specified by the manufacturer) with 1 part of reagent B (i.e., 20 µL;
the reagent B contains 4% cupric sulfate as specified by the manufacturer). Both
reagents A and B were provided in the BCA commercially available kit. 50 µL of
each washing or supernatant solution to be examined was then added 1 mL of the
working reagent and incubated in a water bath at 37°C for 30 min. Each sample’s
absorbance was then monitored at 562 nm using the UV-Vis spectrophotometer.
Standard calibration curves were prepared using the corresponding purified enzyme and serial dilutions (from 1 mg/mL to 0.03 mg/mL in the phosphate buffer).
The enzyme loading onto the nanosupport was determined by the difference between the initial amount of enzyme added in the immobilization process and the
total amount of enzyme washed out, i.e., in the supernatants and washings.

151
SBP Activity Tests
The activity of SBP was measured by monitoring the oxidation reaction of ABTS
in the presence of H2O2. 10 µL of immobilized enzyme dispersion (original concentration: 1 mg/mL of nanosupport; enzyme loading determined by BCA) was
added to 0.65 mL of ABTS solution (in phosphate buffer, pH 7.0, concentration
0.250 mg/mL), and then 20 µL of H2O2 solution (6.5 mM) was added to initiate the
reaction. The increase in absorbance was then monitored at 412 nm on the UV-Vis
spectrophotometer. As a control, the activity of free SBP at the same concentration
found in the sample being tested was also quantified. The activity of the conjugates was reported by normalizing to free SBP activity as 100%.
Microscopy
Nanotube samples were analyzed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM images were obtained at West Virginia University with a Jeok Scanning Electron Microscope operating at a pressure
ranging from 30 to 70 Pa and at accelerating voltages of 5 kV. TEM images were
obtained at Rensselaer Polytechnic Institute with a Philips CM-12 Transmission
Electron Microscope at 120 kV. Typically, the nanomaterial solution in water (10
µL of 0.1 mg/ml) was dropped onto carbon-coated grid (from Electron Microscopy Sciences, Hatfield, PA), while the enzyme-nanomaterial conjugate solution
in water (10 µL of 0.1 mg/ml) was dropped on a Formvar carbon-coated grid (from
Electron Microscopy Sciences, Hatfield, PA) and then exposed to a 0.5% solution
of uranyl acetate for 3 seconds. The samples were vacuum-dried overnight prior
to TEM imaging.
Results and Discussion
Bionanoconjugates of SBP-MWNTs and SBP-TiO2-NT were prepared by physical
and covalent binding respectively (Scheme 1). For physical binding, SBP was incubated at room temperature with either MWNTs or TiO2-NTs, while in covalent
binding the enzyme was immobilized onto nanotubes using EDC/NHS coupling
chemistry (Phadtare 2003). To reduce the intrinsic hydrophobic-hydrophobic interaction among individual carbon nanotubes and thus reduce nanotube-bundle
formation, we used acid functionalized carbon nanotubes. Acid functionalization
for 3 and 6 hr yielded free carboxylic acid groups onto the carbon nanotube surface
and resulted in increased nanotube solubility in water (Scheme 1c) (Dinu 2010).
The amount of the SBP immobilized through either physical or covalent
binding onto the nanosupport (carbon or TiO2) was quantified using BCA protein
assay and the data is shown in Table 1. The activity of the conjugates immobilized
on supports of carbon or TiO2 was tested using standard spectroscopic ABTS oxidation assay and monitored at 412 nm (Table 1) and reported relative to the activity of the free enzyme in solution. Both the loading and activity are reported in
terms of mean standard deviation and the data is averaged over at least 5 samples
in order to assure relevant statistics.
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The presence on enzyme immobilized onto the nanosupport (either carbon or TiO2 nanotube) was confirmed using electron microscopy as shown in Figure 1 and Figure 2 respectively. Figure 1b clearly indicates that the SBP (in the
form of dark spots as pointed by the arrows) was attached onto carbon nanotube
all over its surface while Figure 2b shows SEM images of TiO2 tubes embedded in
a mass of SBP protein (both when compared with bare tubes).
This is the first study to report on the comparison between the loading and
activity of SBP immobilized onto MWNTs and TiO2-NTs respectively. We observed
that the loading and activity of the SBP enzyme is strongly dependent on the nanosupport used during the immobilization. SBP (40 kDa) has an isoelectric point of
4.1. (Gray, 1996). At a working pH of 7, the protein is negatively charged thus
with a higher affinity for hydrophobic surfaces. This explains the highest loading
as reported for the MWNTs that possess intrinsically hydrophobic walls, while
the TiO2-NTs are highly hydrophilic and would repel the SBP in solution thus explaining the low loading quantified. Moreover, previous studies by Phadtare and
Schumann have also shown that the surface curvature plays a role in the immobilization of enzymes and their activity at the interface with a nanosupport (Jain
2007; Phadtare 2003). The curvature effect is illustrated in Scheme 2. With a lower
curvature more of the enzyme will come in physical contact with the surface of the
nanosupport, thus causing increased deformation and lower activity; however,
the enzymes will be more spread out, reducing unwanted protein-protein interactions.
Our results provide the opportunity to compare two different nanosupports for the first time in order to derive potential means to control enzyme-nanomaterial interface. Further studies will concentrate on increasing enzyme activity
at the nanosupport (i.e., by means of spacers or enzyme crosslinking with chemical agents) (Dinu 2010), and on studying the structural integrity of the enzyme
and how this is influenced by the surface properties of the nanosupport and the
interface reactions.
Conclusions
Enzyme attachment onto nanosupports of carbon ad TiO2 was confirmed by electron microscopy and loading was quantified by BCA assay. The activity of the
enzyme at the nanotube support was measured using standard spectroscopic assays. The activity and loading is reported in relation to the surface properties and
curvature of the nanotube support used during immobilization.
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Figures and Captions

Scheme 1: General mechanism of protein immobilization onto nanosupports. (a)
Physical adsorption of enzymes onto nanosupports. (b) Covalent binding of enzymes onto nanosupports. (c) Carbon nanotube acid treatment.
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Scheme 2: Representation of the effect of nanoparticle curvature on enzyme physical deformation and relative spacing (not to scale).

(a)

(b)

Figure 1: TEM of MWNTs. (a) Control MWNTs. (b) MWNTs-SBP based conjugates. The arrows point to enzyme immobilized onto the carbon nanosupports.

Figure 2: SEM of TiO2 tubes. (a) Control TiO2. (b) TiO2-NT-SBP based conjugates.

